The *c-myc* oncogene encodes a conserved basic helix-loop-helix (HLH) leucine zipper transcription factor that binds to approximately 10--15% of genes in the genome and regulates genes encoding both proteins and non-coding RNAs[@b1][@b2][@b3]. MicroRNAs (miRNAs) are a set of small, non-protein-coding RNAs that regulate gene expression at the post-transcriptional level. Pri-miRNA precursors (pri-miRNAs) are transcribed from the genome by RNA polymerase II[@b4] and fold into hairpin structures, substrates that are processed by the RNA-processing Drosha[@b5] -- DGCR8[@b6][@b7][@b8] complex into 60--70 nt miRNA precursors (pre-miRNAs). These precursors are subsequently transported to the cytoplasm where they are further processed by Dicer[@b9][@b10], generating small RNA duplexes containing the mature miRNA[@b11][@b12]. The biogenesis of miRNA is regulated at both the transcriptional and post-transcriptional levels[@b12][@b13][@b14], and many transcription factors regulate miRNA expression positively or negatively in a tissue-specific or developmental-specific manner[@b15][@b16][@b17][@b18][@b19][@b20]. Recent studies have also demonstrated that several activators and repressors regulate microRNA (miRNA) biogenesis through either protein-protein or protein-RNA interactions[@b21][@b22][@b23][@b24][@b25].

Emerging evidence has demonstrated that c-Myc, a transcription factor that is reported to regulate cellular proliferation and tumourigenesis, is known to directly regulate miRNA expression at the transcriptional level[@b15][@b16][@b17][@b26][@b27][@b28]. Moreover, microRNA is also recognised as one of the important components of the c-Myc target gene network; however, less is known with regard to how c-Myc regulates miRNA biogenesis.

In this study, we show that *drosha* is a c-Myc target gene and that c-Myc directly binds to the E-box of the *drosha* promoter to activate the expression of Drosha. Through *in vitro* and *in vivo* miRNA processing assays, we demonstrate that c-Myc promotes miRNA processing by upregulating Drosha expression. Our study reveals a previously unrecognised function of c-Myc in miRNA processing.

Results
=======

Expression profiles of c-Myc-targeted pri-, pre-, and mature miRNAs
-------------------------------------------------------------------

As a starting point in uncovering the molecular details of c-Myc in miRNA biogenesis, we investigated the mature, precursor, and primary miRNA expression levels of c-Myc target miRNAs, including c-Myc-activated miRNAs (miR-17, miR-20a, miR-18a, miR-19a, and miR-92a1/2[@b15][@b27]) and c-Myc-repressed miRNAs (miR-16, miR-26a, and miR-34a[@b17]) ([Figure 1a](#f1){ref-type="fig"}). The P493-6 human B cell line, which carries a tetracycline-repressible c-Myc transgene, was used as our test system[@b29]. Specifically, quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was performed to compare the levels of pri-, pre-, and mature c-Myc target miRNAs in tetracycline-treated (Tet, low c-Myc) and untreated (Mock, high c-Myc) cells. As expected, the pri-miRNAs levels of the three c-Myc-repressed miRNAs were found to be upregulated under the low-c-Myc conditions ([Figure 1c](#f1){ref-type="fig"}). Unexpectedly, four out of six primary miRNAs of the c-Myc-activated miRNAs were found to be upregulated in the low-c-Myc cells. This unexpected result may be explained by the fact that the previously defined c-Myc-activated miRNA only considered mature miRNA levels, disregarding the levels of primary microRNA transcripts. Indeed, the expression levels of the primary transcripts of c-Myc-activated miRNAs are not necessarily lower in low-c-Myc cells than in high-c-Myc cells. A similar experiment was repeated in A549 cells in which c-Myc expression was silenced by short interfering RNA (siRNA), with an increase in the pri-miRNA levels of the c-Myc-activated miRNAs in the low-c-Myc cells when compared to the high-c-Myc cells ([Figure 1f](#f1){ref-type="fig"}). If c-Myc merely regulates c-Myc target miRNA expression *via* transcription, the levels of pri-miRNA for those c-Myc-activated miRNAs would be expected to be downregulated in low-c-Myc cells. Obviously, the discrepancy between the levels of pri-miRNA and mature miRNA cannot be explained simply by the transcriptional capability of c-Myc; rather, some intermediate events, for example, primary RNA processing, might be involved. We then speculated whether the apparent higher level of pri-miRNA of c-Myc-activated miRNAs in low-c-Myc cells could be the result of less miRNA processing due to the low level of c-Myc. Accordingly, we further addressed whether c-Myc affects the expression of some of the processing components (e.g., Drosha), which, in turn, modulates pri-miRNA biogenesis.

c-Myc enhances the expression of Drosha
---------------------------------------

All available evidence implicates that Drosha, DGCR8, and Dicer are the most important enzymes involved in miRNA processing. Thus, to investigate the role of c-Myc in microRNA processing, we searched for a possible link between c-Myc and one of these components of the miRNA-processing machinery. First, we examined whether the expression of c-Myc was correlated with Drosha in response to serum stimulation and found that c-Myc expression was rapidly induced after serum (10%) stimulation, reaching its peak at 2 hours, followed by a decrease in its level. As observed in [Figure 2a](#f2){ref-type="fig"}, Drosha exhibited similar expression profiles upon serum stimulation. Moreover, using the Tet-off system, we found that the suppression of c-Myc expression was correlated with Drosha suppression ([Figure 2b](#f2){ref-type="fig"}) and that the levels of both c-Myc and Drosha recovered rapidly after tetracycline was removed from the cell culture. At the same time, we have checked some other cell lines including HepG2 (liver hepatocellular cells) and HeLa (cervical cancer cells) cells ([Supplemental Figure a](#s1){ref-type="supplementary-material"}), and the conclusion that positive correlation between Drosha and c-Myc upon serum stimulation is also true in these cell lines. In addition, we expressed Flag-c-Myc in 293 T and H1299 cells ([Supplemental Figure b](#s1){ref-type="supplementary-material"}), and Drosha is indeed upregulated with increasing concentration of Flag-c-Myc. These results indicate that the finding that c-Myc upregulates Drosha appears to be a general phenomenon.

Because of the positive correlation between c-Myc and Drosha, we addressed whether the transcription factor c-Myc upregulates Drosha at both the transcriptional and protein levels. To this end, c-Myc expression was silenced by siRNA in A549 ([Figure 2c](#f2){ref-type="fig"}) and LO2 ([Figure 2d](#f2){ref-type="fig"}) cells, which led to decreases in both Drosha mRNA and protein levels ([Figure 2c, d](#f2){ref-type="fig"}) in each of these cell lines. Furthermore, when c-Myc expression was induced by serum stimulation, the levels of Drosha mRNA and protein were upregulated accordingly ([Figure 2e](#f2){ref-type="fig"}). Additionally, we examined the Drosha mRNA levels in P493-6 B cells at different time points following tetracycline treatment. Consistent with our western blotting results ([Figure 2b](#f2){ref-type="fig"}), the mRNA levels of Drosha decreased gradually over a 72-hour time period with a corresponding suppression of c-Myc ([Figure 2f](#f2){ref-type="fig"}). Similarly, the Drosha mRNA levels were readily recovered after repeated washing ([Figure 2f](#f2){ref-type="fig"}). Taken together, these results indicate that c-Myc enhances the expression of Drosha at both the mRNA and protein levels.

*drosha* is a direct target gene of c-Myc
-----------------------------------------

Next, we inspected the *drosha* promoter region for putative c-Myc binding sites. Our sequence analysis revealed the presence of a canonical E-box sequence, 5′-CACGTG-3′ (4133 bp upstream of the Drosha translational start site), which could be recognised by c-Myc ([Figure 3a](#f3){ref-type="fig"}). To determine whether c-Myc truly binds to this region *in vivo* in response to serum stimulation, we performed a chromatin immunoprecipitation (ChIP) experiment. As shown in [Figure 3b, c](#f3){ref-type="fig"}-Myc indeed bound to the E-box of the *drosha* promoter, and this binding was further enhanced when c-Myc was upregulated by serum stimulation.

We then evaluated whether the E-box within the *drosha* promoter region confers c-Myc-dependent transcriptional activation. DNA fragments containing the wild-type E-box or a mutant E-box were inserted into the promoter region of a firefly luciferase reporter plasmid. c-Myc was able to induce luciferase expression in a dose-dependent manner from the wild-type but not the mutant reporter plasmid ([Figure 3c](#f3){ref-type="fig"}).

c-Myc promotes pri-miRNA processing *in vitro* and *in vivo*
------------------------------------------------------------

To understand the mechanism of c-Myc in miRNA processing, we performed an *in vitro* pri-miRNA processing assay by separately incubating radiolabelled pri-let7a-1 and pri-miR30a substrates with the immunoprecipitated Drosha complex from P493-6 B cells. In particular, we examined the immunoprecipitated Drosha complex from P493-6 B cells that were either treated with tetracycline (Tet) to inhibit c-Myc expression or that had been washed (Wash) to remove the tetracycline and re-induce c-Myc expression. As shown in [Figure 4a, b, and c](#f4){ref-type="fig"}, the processing activities for both the pri-let7a-1 and pri-miR30a primary transcripts were greatly reduced when c-Myc expression was turned off (Tet) in comparison to the Mock samples. Furthermore, higher processing activity was recovered (Wash) after tetracycline was removed. Additionally, we performed a similar pri-miRNA processing assay in A549 cells in which the expression of c-Myc, Drosha, or both was silenced using siRNA. As shown in [Figure 4d, e, and f](#f4){ref-type="fig"}, knockdown of either c-Myc, Drosha, or both greatly diminished the processing activity for both pri-let7a1 and pri-miR30a when compared to the control siRNA.

To reinforce this conclusion, we utilised a highly reliable system for the *in vivo* monitoring of pri-miRNA processing. A549 cells were transfected with a luciferase plasmid carrying a segment of pri-miR30a located between the luciferase-coding region and the polyadenylation signal. We speculated that the luciferase transcripts, once transcribed in the transfected cells, would lose their polyadenylation tail after the cleavage of pri-miR30a, resulting in a decrease in reporter expression (luciferase) activity ([Figure 4g](#f4){ref-type="fig"}). Using this assay system, we observed that the knockdown of c-Myc expression caused an increase in the luciferase activity of psiCHECK2-miR30a ([Figure 4h](#f4){ref-type="fig"}), indicating that c-Myc enhances Drosha-mediated pri-miRNA processing *in vivo*. In addition, we measured the pri-miRNA expression levels for a group of selected miRNAs; the pri-, pre-, and mature expression forms of these miRNAs have been previously reported in different cell lines by the Schmittgen TD group[@b30]. Specifically, after knocking down the expression of c-Myc using siRNA in A549 cells, the expression levels of the majority of the pri-miRNAs (91.9%) were increased ([Supplemental Figure c](#s1){ref-type="supplementary-material"}). Similar results were obtained in P493-6 B cells treated with tetracycline (Tet) to inhibit the expression of c-Myc (81.7%) ([Supplemental Figure d](#s1){ref-type="supplementary-material"}). It has been reported that c-Myc actively contributes to tumourigenesis by both positively and negatively regulating the expression of diverse miRNAs; moreover, the downregulation of a subset of miRNAs is an important mechanism of c-Myc-mediated tumourigenesis. In fact, our pri-miRNA expression qRT-PCR data ([Supplemental Figures c and d](#s1){ref-type="supplementary-material"}) revealed that for c-Myc-induced miRNAs, their pri-miRNA levels are generally high under low-c-Myc conditions and low under high-c-Myc conditions due to c-Myc-mediated miRNA processing, regardless of whether they are c-Myc activated or repressed. These results clearly suggested that when we suppressed the expression of c-Myc either by siRNA knockdown or by tetracycline induction, pri-miRNA processing was blocked at the first step, a process that is regulated by Drosha, resulting in increased pri-miRNA levels. Taken together, these results demonstrate that c-Myc modulates the Drosha-mediated processing of miRNAs both *in vivo* and *in vitro*.

Discussion
==========

Although c-Myc has been shown to be a general negative regulator of miRNA expression[@b17], there are important miRNAs for which expression is activated by c-Myc[@b15][@b16][@b27]. Our study provides evidence that c-Myc functions as a modulator of miRNA expression through the regulation of miRNA processing. c-Myc is currently considered a transcription factor that can directly regulate miRNA expression, and our data show that c-Myc can affect miRNA processing by controlling Drosha levels through the transactivation of Drosha expression.

Recent studies have demonstrated that the regulation of miRNA biosynthesis can be mediated by many important factors, including SMAD[@b21][@b31], p53[@b32], ATM[@b33], MutLα[@b34], and BRCA1[@b35], which modulate miRNA processing through direct or indirect interactions with the microprocessor complex. However, a direct interaction between c-Myc and Drosha was not detected in our study (data not shown). Instead, we show that c-Myc transcriptionally regulates Drosha, whereby c-Myc indirectly regulates the activity of the pri-miRNA processing complex by controlling the amount of Drosha ([Figure 5](#f5){ref-type="fig"}). As reported previously, DGCR8 (also known as Pasha) is also required for miRNA processing[@b6][@b7][@b8], and the Drosha protein cleaves the hairpins on the DGCR8 mRNA, thus destabilising it[@b36]. We also examined the level of DGCR8 in response to c-Myc expression. Different from c-Myc, we found that the level of DGCR8 mRNA increased rather than decreased in P493-6 B cells upon tetracycline (Tet) treatment (low c-Myc) ([Supplemental Figure e](#s1){ref-type="supplementary-material"}). Moreover, we found that the DGCR8 protein level did not present a corresponding marked increase (data not shown). Using a ChIP assay, we also determined that c-Myc is unlikely to directly bind to the *dgcr8* promoter region, even though there is a putative c-Myc binding motif present (data not shown). These results indicated that c-Myc does not appear to regulate DGCR8 directly, but rather, affects DGCR8 mRNA *via* Drosha and that the c-Myc-Drosha-DGCR8 axis maintains the microprocessor activity for processing pri-miRNA to pre-miRNA.

Previous studies have indicated that c-Myc directly activates the transcription of the miR-17-92 cluster[@b15], which acts as a *bone fide* oncogene[@b37]. Furthermore, this cluster promotes tumourigenesis in a mouse model[@b27][@b38]. Previous studies have also found that the activation of c-Myc causes the widespread repression of miRNA expression[@b17], which contributes to tumourigenesis. Overall, the work reported here introduces a possible new approach to tumour treatment by modulating the c-Myc and miRNA pathways. The transactivation of Drosha by c-Myc may add another layer of complexity to Myc-mediated miRNA regulation.

Methods
=======

Antibodies and reagents
-----------------------

Antibodies against the following proteins were used in this study: Drosha (Abcam; 1:1,000); c-Myc (Cell Signaling; 1:1,000); Flag (Sigma; 1:4,000); GAPDH (Cell Signaling; 1:1,000); and Actin (Abmart; 1:4,000).

Cell culture and gene knockdown with siRNA
------------------------------------------

P493-6 human B lymphoma cells were maintained in RPMI 1640 with 10% foetal bovine serum (FBS), and A549 cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM, Invitrogen) with 10% FBS. The targeted siRNA sequences are as follows: siDrosha, 5′-AACGAGUAGGCUUCGUGACUU-3′[@b36]; c-Myc siRNA, 5′-ACGGAACUCUUGUGCGUAAUU-3′, 5′-GAACACACAACGUCUUGGAUU-3′, 5′-AACGUUAGCUUCACCAACAUU-3′, and 5′-CGAUGUUGUUUCUGUGGAAUU-3′[@b26]; and control siRNA, 5′-UUCUCCGAACGUGUCACGUTT-3′. The siRNAs were transfected into cells using Lipofectamine 2000 (Invitrogen).

Luciferase assays
-----------------

A DNA fragment containing the c-Myc-binding sequence (CACGTG) was amplified by PCR with the following primers: 5′-CCTCTCGAGGCTTTCTCATTCTCTCAAGGTC-3′ and 5′-CGCAAGCTTCGATTCTTCTGTCTCAGCCT-3′. The PCR products were digested with *Xho*I and *Hin*dIII and cloned into the pGL3-Basic vector (Promega). To construct a mutant vector, the CAAGTG sequences were deleted by PCR-mediated site-directed mutagenesis. The luciferase assay was performed according to the manufacturer\'s instructions (Promega).

Chromatin immunoprecipitation
-----------------------------

The chromatin immunoprecipitation assay was performed using the Chromatin Immunoprecipitation Kit (Upstate, USA) according to the manufacturer\'s instructions. The PCR primers used for the chromatin immunoprecipitation assays were 5′-GCTTTCTCATTCTCTCAAGGTC-3′ and 5′-CGATTCTTCTGTCTCAGCCT-3′.

*In vitro* pri-miRNA processing analysis
----------------------------------------

An *in vitro* pri-miRNA processing assay was performed as described previously[@b5][@b6][@b7], with the following modifications. The PCR primers used to generate the pri-miRNA were as follows: 5′-TTTCTATCAGACCGCCTGGATGCAGACTTT-3′ was used for first-strand synthesis, and 5′-TAATACGACTCACTATAGGGGATTCCTTTTCACCATTCACCCTGGATGTT-3′ and 5′-TTTCTATCAGACCGCCTGGATGCAGACTTT-3′ were used for let-7a-1 PCR amplification; and 5′-CCCTTGAAGTCCGAGGCA-3′ was used for first-strand synthesis, and 5′-TAATACGACTCACTATAGGGTTGCTGTTGACAGTGAGCGA-3′ and 5′-CCCTTGAAGTCCGAGGCA-3′ were used for miR-30a PCR amplification. The PCR product was directly used as the template for *in vitro* transcription using a T7 Transcription Kit (Fermentas) according to the manufacturer\'s instructions. A total cell extract was prepared for immunoprecipitation using an anti-Drosha antibody (Abcam). After washing, beads were used for *in vitro* processing. The processing reaction mixture contained 10 μl of beads, 6.4 mM MgCl~2~, 1 unit of RNase Inhibitor (Takara, Japan), and the labelled pri-miRNA transcripts. The reaction mixture was incubated at 37°C for 60--90 min.

qRT-PCR assays
--------------

qRT-PCR assays were performed for determining the expression levels of the primary, precursor, and mature miRNAs, as described previously[@b21][@b32]. In brief, total RNA was extracted from cells using TRIzol reagent, and cDNA was synthesised from the total RNA using a PrimeScript RT reagent kit (Takara, Japan) with oligo dT primers, according to the manufacturer\'s instructions. For detection of the precursor and mature miRNAs, as an alternative approach, the small RNA fraction was purified with the miRvana miRNA isolation kit (Ambion, USA) and was subjected to reverse transcription and qRT-PCR analyses (normalisation using U6 snRNA); similar results were obtained using this method. qRT-PCR was performed in a real-time PCR machine (Agilent Technologies Stratagene MX3000P). The PCR cycling parameters were as follows: 94°C for 15 s and 40 cycles of 94C for 5 s and 60°C for 34 s. The data analysis was performed using the comparative Ct method. The primers used were as follows[@b6][@b26][@b30][@b32][@b39]: Drosha, 5′-TAGGCTGTGGGAAAGGACCAAG-3′ and 5′-GTTCGATGAACCGCTTCTGATG-3′; 18 s rRNA, 5′-CGGCGACGACCCATTCGAAC-3′ and 5′-GAATCGAACCCTGATTCCCCGTC-3′; pri-miR-30a, 5′-ATTGCTGTTTGAATGAGGCTTCAGTACTTT-3′ and 5′-TTCAGCTTTGTAAAAATGTATCAAAGAGAT-3′; pri-miR-34a, 5′-CCTCCAAGCCAGCTCAGTTG-3′ and 5′-TGACTTTGGTCCAATTCCTGTTG-3′; pri-miR-15a, 5′-CACACATTCGCGCCTAAAGAA-3′ and 5′-CCTATAGCACTGTGCTGGGCA-3′; pri-miR-16, 5′-GCAATTACAGTATTTTAAGAGATGAT-3′ and 5′-CATACTCTACAGTTGTGTTTTAATGT-3′; pri-miR-23a, 5′-TCTCATATGCAGGAGCCACCA-3′ and 5′-GCAAGTTGCTGTAGCCTCCTTG-3′; pri-miR-17, 5′-GCAGGAAAAAAGAGAACATCACC-3′ and 5′-TGGCTTCCCGAGGCAG-3′; pri-mirR18, 5′-TAAGGTGCATCTAGTGCAGATAG-3′ and 5′-GAAGGAGCACTTAGGGCAGT-3′; pri-miR-19a, 5′-CCAATAATTCAAGCCAAGCA-3′ and 5′-CAGGCAGATTCTACATCGACA-3′; pri-miR-20a, 5′-GCACTAAAGTGCTTATAGTGCAG-3′ and 5′-GTACTTTAAGTGCTCATAATGCA-3′; pri-miR-92a-1, 5′-TCTACACAGGTTGGGATCGG-3′ and 5′-CGGGACAAGTGCAATACCATA-3′; pri-miR-92a-2, 5′-ATGCGTATCTCCAGCACTCA-3′ and 5′-CCACCCGACAACAGCAA-3′; and U6 snRNA, 5′-CTCGCTTCGGCAGCACA-3′ and 5′-AACGCTTCACGAATTTGCGT-3′.

*In vivo* monitoring of pri-miRNA processing
--------------------------------------------

Plasmid constructs with pri-miRNA at the 3′ untranslated region of firefly luciferase cDNA (psiCHECK2-miR30a) and expression vectors or siRNAs were transfected into A549 cells. Cell extracts were prepared at 48 h after transfection, and the ratio of firefly and Renilla luciferases was measured using a Dual-Luciferase Reporter Assay system according to the manufacturer\'s instructions (Promega, USA).
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![Expression profiles of c-Myc target mature, pre-, and pri-miRNAs.\
(a), (b), and (c). The expression levels of the mature (a), precursor (b), and primary (c) miRNAs of the indicated c-Myc target miRNAs were examined by qRT-PCR analysis in P493-6 cells treated with tetracycline (Tet) to inhibit c-Myc or left untreated to induce c-Myc. U6 snRNA was used for normalisation. The data represent the mean ± SD of three independent experiments. \*indicates P \< 0.05. (d), (e), and (f). qRT-PCR analysis showing the mature (a), precursor (b), and primary (c) miRNA expression levels of the indicated c-Myc target miRNAs in A549 cells treated with c-Myc siRNA or control siRNA. U6 snRNA was used for normalisation. The data represent the mean ± SD of three independent experiments. \*indicates P \< 0.05.](srep01942-f1){#f1}

![c-Myc enhances both the protein and mRNA Drosha expression levels.\
(a) Western blot showing Drosha and c-Myc expression in A549 cells that were re-stimulated with serum for the indicated times. GAPDH was used as a loading control. (b) Western blot showing Drosha and c-Myc expression in P493-6 B cells treated with tetracycline (Tet) to inhibit c-Myc expression for the indicated times or first treated with tetracycline for 48 hours, washed (Wash) to remove the tetracycline, and then incubated for the indicated times (48 and 72 h) after washing. Actin was used as a loading control. (c) Real-time PCR and western blotting showing that both Drosha mRNA and protein levels decrease markedly in A549 cells with c-Myc knockdown. 18 s rRNA was used for normalisation. GAPDH was used as a loading control. The data represent the mean ± SD of three independent experiments. \*\*indicates P \< 0.01. (d) Real-time PCR and western blotting showing that both Drosha mRNA and protein levels decrease markedly in LO2 cells with c-Myc siRNA knockdown. 18 s rRNA was used for normalisation. Actin was used as a loading control. The data represent the mean ± SD of three independent experiments. \*\*indicates P \< 0.01. (e) Real-time PCR and western blotting showing that both Drosha mRNA and protein levels decrease markedly in A549 cells that were serum-starved for 24 hours and then stimulated with serum (10%) for 2 hours. 18 s rRNA was used for normalisation. GAPDH was used as a loading control. The data represent the mean ± SD of three independent experiments. \*\*indicates P \< 0.01. (f) Real-time PCR showing the Drosha mRNA levels in P493 cells either treated with tetracycline for the indicated times or first treated with tetracycline for 48 hours, washed (Wash) to remove the tetracycline, and then incubated for the indicated times (24 and 48 h) after washing. 18 s rRNA was used for normalisation.](srep01942-f2){#f2}

![Drosha is a direct target gene of c-Myc.\
(a). Schematic representation of the *drosha* genomic locus. The E-box (c-Myc binding site) is indicated. The deleted 6 bp of the E-box are shown (c-Myc BS mut). The exons are represented as dark boxes. The number represents the nucleotides upstream of the initiation codon (ATG) of the *drosha* gene. Arrows indicate the primers for the PCR reaction in the chromatin immunoprecipitation assay and luciferase constructs. (b). Chromatin immunoprecipitation was performed using A549 cells first serum-starved for 24 hours and then re-stimulated for 2 hours. The chromatin from A549 cells was fragmented and incubated with an antibody against c-Myc. An irrelevant IgG antibody was used as a negative control. (c). 293 T cells were co-transfected with Drosha-luciferase constructs (pGL3-BS) and increasing amounts of Flag-c-Myc; luciferase activity was then measured. The pGL3-vector and pGL3-BS mutant were used as controls. The error bars indicate the standard deviations. GAPDH was used as a loading control.](srep01942-f3){#f3}

![c-Myc accelerates pri-miRNA processing *in vitro* and *in vivo.*\
(a) and (b). *In vitro* pri-miRNA processing assays of pri-let-7a-1 and pri-miR-30a in P493-6 B cells. The amount of pre-miRNA resulting from pri-miRNA processing was determined by a densitometric analysis of a western blot and is indicated by Arabic numbers. (c). Western blot analysis of c-Myc and Drosha expression in Tet- and Wash-treated cells. GAPDH was used as a loading control. (d) and (e). *In vitro* pri-miRNA processing assays of pri-let-7a-1 and pri-miR-30a in A549 cells treated with siRNA knockdown against c-Myc and Drosha separately and in combination. The amount of pre-miRNA resulting from pri-miRNA processing was determined by a densitometric analysis of a western blot and is indicated by Arabic numbers. (f). Western blot showing the siRNA gene-silencing efficiency for c-Myc and Drosha in A549 cells. Actin was used as a loading control. (g). A schematic diagram of the *in vivo* monitoring of pri-miRNA processing. (h). Luciferase activity was measured in A549 cells transfected with psiCHECK-pri-miR30a to monitor pri-miRNA processing *in vivo*. c-Myc knockdown increased the luciferase activity. The intensities were normalised by Renilla luciferase. The data represent the mean ± SD of three independent experiments. \*indicates P \< 0.05.](srep01942-f4){#f4}

![A model for the role of c-Myc in miRNA biogenesis.\
c-Myc is known to directly regulate miRNA transcription. We demonstrate here that c-Myc transactivates *drosha* mRNA expression, thus upregulating the Drosha protein level. As a key component of the miRNA processing machinery, once upregulated by c-Myc, Drosha is able to accelerate pri-miRNA processing. Therefore, c-Myc modulates miRNA biogenesis not only by transcriptional regulation but also by post-transcriptional modification.](srep01942-f5){#f5}
